Induction hardening is a key manufacturing process in the production of ductile iron automotive camshafts. Its desirable features include low-cost, a wearresistant surface, and ease of manufacturing. Due to the asymmetrical geometry of the camshaft, induction hardening generates non-uniform heating/cooling which leads to a variability in both the microstructure of the surface hardened case, principally the amount of retained austenite (RA), and the level of residual stress (RS). Both RA and RS can affect the contact fatigue performance of the camshaft. In the present study, automotive camshafts containing six lobes per camshaft were induction hardened to different schedules and the RA and RS (surface) variations were determined both between different lobes on the same camshaft and between camshafts that were induction hardened to different schedules. RA and RS measurements were made using x-ray diffraction methods by two independent, certified testing laboratories. Because of their low cost and ease of testing, we have also used optical metallographic methods to determine RA. A correlation was obtained between the RA values obtained by x-ray diffraction with those obtained by optical metallography. This data for ductile iron expands the database that was available for steels to higher carboncontent ferrous alloys. Finally, a correlation is made between RA content and RS level in order to define a robust process window.
Introduction
Ductile iron, previously known as nodular iron or spheroidal-graphite (SG) cast iron, is cast iron in which the graphite is present as nodules. Ductile iron castings are used for many structural applications, particularly those requiring strength and toughness combined with good machinability and low cost [1] . Many applications, such as camshafts, use cast iron because of its good sliding and wear properties, which are in part a result of the free graphite and porosity.
Induction hardening has become increasingly popular in the last several decades, since it has the ability to create high heat intensity very quickly at welldefined locations, which leads to low process cycle times with repeatable quality [2] . Compared to traditional heat treatment sources, induction heating is not only energy efficient but also environmentally friendly, and, as noted by Bhadeshia [3] , is likely to become the process of choice for the surface hardening of bearings.
Since the camshafts are quenched in cooling water directly after induction hardening, martensite will form because of the fast cooling rate. However, the martensite finish temperature is usually below the room temperature or the water temperature, so a fully martensitic microstructure will not be obtained. Thus the existence of a noticeable amount of untransformed, or retained, austenite will be unavoidable and a compressive stress will form in the surface of surface hardened materials [3] . Retained austenite can have a significant effect on mechanical properties [4] . From one perspective, it can improve the contact fatigue life in gears and bearings since contact stresses promote decomposition of the retained austenite [5] . From another perspective, it will reduce the surface hardness and decrease the load-carrying capacity and wear resistance but improve the impact strength and toughness [4] . It can also introduce dimensional instability during usage [3, 6, 7] .
There are many techniques that have been used for determining the amount of retained austenite with x-ray diffraction (XRD) and optical metallography being the most widely used. It has been claimed that XRD can measure retained austenite contents greater than 1% by volume with excellent precision [8] : detection limits as low as 0.5% have been claimed [4] . However, due to the high cost of XRD equipment, optical metallographic methods have been widely used when the retained austenite content exceeds 10-15% [4] . There has been much interest in a comparison of the RA data obtained by the two methods [9] . Studies on carburized steels have shown that XRD and automated quantitative optical metallography give similar RA results [10] , but other studies on TRIP steels using a wide variety of techniques to determine RA contents, have shown significant differences [11] . There is little data in the literature comparing RA contents in ductile iron obtained using XRD and optical metallography.
In the present study, ductile iron camshafts containing 6 lobes per camshaft were induction hardened to different schedules. Retained austenite and surface residual stress (RS) measurements were made using XRD techniques and the RA content was also determined using a quantitative optical metallographic technique. A correlation is made between the RA content and the RS level.
Experimental details

Chemical composition of ductile iron
The chemical composition of ductile iron camshaft was determined using optical emission spectroscopy (OES), and is given in Table 1 . 
Induction-hardening parameters
Induction hardening of the camshafts was performed at a heating parameter of 75 KV and 25 KHz frequency for times from 1.4 to 1.8 seconds. The camshafts were quenched into water. Figure 1 shows the experimental set-up for the induction hardening. After the induction hardening process, samples were cut from all 18 lobes of the three different camshafts and were marked from A1-A6, B1-B6, and C1-C6. Each lobe was labelled using a black marker with an X at the same location on the lobe for RA/RS measurements. Figure 2 shows an individual lobe (B2) together with the dimensional measurements. 
Measurement of retained austenite (RA) and residual stress (RS)
X-ray Diffraction Methods were used to determine the retained austenite (RA) and residual stress (RS) on the surface of the lobe samples. Two independent certified laboratories (Laboratories A and B) were used to make the RA and RS measurements on all samples.
All RS measurements were made according to ASTM Standard E915 [12] . Residual stresses in the cam lobes samples were calculated by measuring the lattice deformation of the {211} martensite peak. The x-radiation used was Cr Kα with a wavelength of 0.2291nm. The Bragg angle (2θ) was set at 156.4°. The relative position of the α(211) peak was measured from ψ angles of -45° to +45° in 5° increments in A Laboratory, In Laboratory B, nine different Ψ values were used, namely 0°,±25.00°, ±20.6°, ±15.85°, ±3.74°. All the measurements were made using a 1mm collimated spot size.
All RA measurements were performed according to the ASTM Standard E975 [13] . "A Four-Peak Method" was used. The relative intensities of α(200), α(211), γ(200), and γ(220) peaks were measured and RA volume fraction was calculated using Equation (1):
where the parameter R is proportional to the theoretical integrated intensity. R depends on interplanar spacing (hkl), the Bragg angle, θ, crystal structure, and composition of the phase being measured. The R values used for α (200), α (211), γ (200), and γ (220) reflections were 150.22, 19.89, 48.86, and 35.07. Figure 3 shows an example of a typical XRD pattern with all the four peaks indicated. XRD pattern for retained austenite measurements.
Optical Metallography
After the XRD determination of retained austenite and residual stress, samples were cut from the lobes of the designated areas. After hot mounting, a series of SiC papers were used to rough polish the samples on 240, 320, 400, 600 grit. Intermediate polishing was done with 9 μm diamond paste. Fine polishing was done using first 1.0 μm and then 0.05 μm Al 2 O 3 powder. The unetched samples were examined to determine the graphite distribution. The microstructure of the as-polished samples showed only nodular graphite, Figure 4 . It is clear to be seen that after the image software processing, the colour of graphite changes from black to red, and the ratio of the red part is measured by software according to ASTM Standard E1245 [14] . Micrographs showing (a) graphite distribution in the matrix (b) after software processing: the area ratio of the red part in the matrix is calculated.
Then a 2% Nital etch was used to examine the microstructure. Example microstructures are shown in Figure 5 . The microstructure consists of a martensite matrix (yellow-brown), graphite nodules (black) and austenite islands (white). The retained austenite usually appears white and is isolated in the martensite matrix. There is a very intense colour difference between the retained austenite and the other phases. It can be seen in Figure 5 (b) that only needle-like martensite is present in the retained austenite islands. In order to determine the amount of retained austenite, a Buehler Omnimet Imaging Analysis Software was employed. Ten micrographs at 200X magnifications were used for each sample and an average value was calculated. The software used conformed to ASTM Standard E1245 [14] . The software detects microconstituents whiter than a defined threshold level. In this case it is relatively easy to define a threshold because of the intense colour difference between the retained austenite (white) and the martensite (grey). Table 2 shows the graphite content for all 18 samples including average values. Ten images were used for each sample and an average value has been calculated. Although they would all have the same chemistry, there are differences both from lobe to lobe on the same camshaft and from camshaft to camshaft. Overall, camshaft C had the lowest graphite content. Figure 6 shows the microstructure of an etched sample and its image analysis. Table 3 shows the retained austenite content of all the 18 samples, it can be seen that there are significant differences between samples. Figure 7 shows representative images for retained austenite contents at the low (7.5%) and high (26.5%) ranges for the camshaft. The differences in retained austenite content could be due to the non-uniform heating in the induction hardening process. Different lobes might reach different temperatures before the camshafts were quenched, resulting in differences in retained austenite.
Results and discussion
Graphite content
Retained austenite measurements
(a) Retained austenite content 7.5% (b)Retained austenite content 26.5% Figure 7 :
Image analysis shows that these samples have different volume fraction of retained austenite, varying from 7% to 27%.
Relationship between RS (XRD) and RA (XRD)
The general relationships between RS (XRD) and RA (XRD) is given in Figures  8(a) and (b) for Laboratories A and B, respectively. It can be seen that for all the samples, the "surface" residual stresses are compressive. Laboratory B results show a higher RA and compressive RS when compared to those for Laboratory A. Initially, the residual compressive stress increases with an increasing amount of retained austenite, reaching a maximum value, then decreases with the RA increasing and reaches a maximum. It should be noted that the measured value of residual stress is only for a surface layer (~10 μm in depth) and the residual stress would vary with depth into the core of the camshaft [3] . 
Relationship between RS (XRD) and RA by optical microscopy
Using the retained austenite values obtained in our laboratory by image analysis, the relationship between RA (OM) and RS (XRD) can be determined and is shown in Figure 9 . There is an approximately linear relationship between the compressive residual hoop stress and the RA content as measured by the OM. The magnitude of the compressive stress decreases with increasing RA content. Such a relationship was only obtained for the RS (XRD) data from Laboratory A.
Relationship between RA values obtained from OM and XRD
The relationship between RA (XRD) and RA (OM) is shown in Figure 10 . It can be seen that RA (XRD) is generally higher than RA (OM). This may be due to The relationship between RS (XRD) and RA (OM) for RS data obtained in Laboratory A.
the fact that some of the "white" retained austenite is "hidden" within the black martensite matrix in the micrographs and is not picked up in the image analysis (is below the white threshold). The RA (XRD) values given in Figure 10 are calculated without taking the graphite nodules into account. where V graphite is the volume fraction of graphite that we have determined from OM image analysis. Figure 11 is a revised plot of RA (XRD) vs. RA (OM), where RA (XRD) is calculated using Equation (2) . Although the values are now closer to the RA (XRD)=RA(OM) line, RA(XRD) are still higher than RA(OM). As already noted, it is believed that this is because of an inability to identify the retained austenite in a mixed-microstructure (typically martensite-austenite). 
Conclusions
Due to non-uniform heating with induction hardening of ductile iron, together with the volume expansion from the martensite transformation on cooling, different levels of surface residual stress are formed. This also results in a range of retained austenite contents from 10% to roughly 30% (as determined by XRD) in these induction hardened camshafts. X-ray diffraction was used as a method to determine the retained austenite and residual stress in ductile iron samples. Different values of RA and RS were obtained by two different Laboratories. Equation (1) which is taken from ASTM Standard E975 cannot be used directly in the retained austenite measurement for ductile iron samples, because the volume fraction of nodular graphite is not accounted for. We have used optical microscopy to determine the value of V graphite . This value has been incorporated into the ASTM Standard E975 procedure to obtain a corrected RA (XRD) value (Equation (2)).
Optical microscopy, which is a low cost and convenient method, was also used to determine the RA content. A relationship has been established between the surface RS (XRD) and RA (OM) where a lower RA content (~11%) leads to a higher compressive RS than for RA contents of up to 20%.
